Advantages of q-PCR as a method of screening for gene targeting in mammalian cells using conventional and whole BAC-based constructs by Gómez-Rodríguez, Julio et al.
Published online 18 August 2008 Nucleic Acids Research, 2008, Vol. 36, No. 18 e117
doi:10.1093/nar/gkn523
Advantages of q-PCR as a method of screening
for gene targeting in mammalian cells using
conventional and whole BAC-based constructs
Julio Go ´mez-Rodrı ´guez
1, Valance Washington
2, Jun Cheng
1, Amalia Dutra
1,
Evgenia Pak
1, Pentao Liu
3, Daniel W. McVicar
2 and Pamela L. Schwartzberg
1,*
1Genetic Disease Research Branch, National Human Genome Research Institute, National Institutes of Health,
Bethesda, MD 20892,
2Cancer and Inflammation Program, National Cancer Institute-Frederick, Frederick, MD
21702, USA and
3Wellcome Trust Sanger Institute, Hinxton, Cambridge CB10 1HH, UK
Received March 31, 2008; Revised July 28, 2008; Accepted July 31, 2008
ABSTRACT
We evaluate here the use of real-time quantitative
PCR (q-PCR) as a method for screening for homol-
ogous recombinants generated in mammalian cells
from either conventional gene-targeting constructs
or whole BAC-based constructs. Using gene-
targeted events at different loci, we show that q-
PCR is a highly sensitive and accurate method for
screening for conventional gene targeting that can
reduce the number of clones requiring follow-up
screening by Southern blotting. We further com-
pared q-PCR to fluorescent in situ hybridization
(FISH) for the detection of gene-targeting events
using full-length BAC-based constructs designed
to introduce mutations either into one gene or
simultaneously into two adjacent genes. We find
that although BAC-based constructs appeared to
have high rates of homologous recombination
when evaluated by FISH, screening by FISH was
prone to false positives that were detected by
q-PCR. Our results demonstrate the utility of
q-PCR as a screening tool for gene targeting and
further highlight potential problems with the use of
whole BAC-based constructs for homologous
recombination.
INTRODUCTION
Homologous recombination in mouse embryonic stem
cells has provided a powerful tool for the generation
of gene-targeted mice carrying mutations of deﬁned loci
(1,2). However, since homologous recombination can be a
relatively infrequent event in mammalian cells (3,4), detec-
tion of homologous recombination events can require the
screening of large numbers of clones. The gold standard
for screening is Southern blot analyses, which both iden-
tiﬁes correctly targeted clones and permits analysis of the
structure of the gene-targeted event, including veriﬁcation
of single copy insertion of the construct. However,
Southern analyses can be time-consuming, particularly
in cases of loci with low-frequency targeting where hun-
dreds of cell lines may need to be screened.
The use of PCR-based strategies, most of which utilize
one primer outside of the targeting constructs in conjunc-
tion with a primer present on the selectable marker, has
permitted more rapid screening for homologous recombi-
nants (5–8). Other PCR strategies, including screening for
loss of plasmid sequences from the targeting construct,
have also been used (9). However, conventional PCR pro-
vides limited information on the number and structure of
inserts. Moreover, conventional PCR-based strategies are
prone to false negatives resulting from problems with
long-range PCR or low amounts of DNA. Conversely,
false positives can arise due to annealing of products
initiated by the diﬀerent primers, giving rise to products
consistent with appropriate targeting but that actually
derive from clones containing random insertions. Thus,
PCR-based screens cannot replace the information
gained through Southern analyses, although this techni-
que can reduce the numbers of clones to be evaluated in
greater detail.
Recent data have suggested that whole BAC-based
gene-targeting vectors can provide an alternative method
allowing for more rapid generation of homologous recom-
binants (10–12). However, screening for homologous
recombination after introduction of such vectors can be
complicated by the long length of homologous arms used,
which most often preclude screening by either Southern
analyses or PCR strategies. To bypass these assay pro-
blems, several alternatives have been utilized. These
include: (i) the use of one short-length arm on the target-
ing construct to permit screening by Southern analyses
using an outside probe (10); (ii) the use of ﬂuorescent
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sequences integrated as well as their chromosomal loca-
tions (12); and (iii) the use of real-time quantitative PCR
(q-PCR) to screen for the loss of sequences deleted in the
targeting construct (11). The latter two techniques permit
use of long targeting arms that are predicted to increase
recombination frequencies. However, these two techni-
ques have not been systematically compared to evaluate
their sensitivity and speciﬁcity.
To evaluate techniques for the rapid screening for
homologous recombinants, we compared q-PCR based
on the copy number of genomic regions deleted by
Southern analysis screening for the detection of homolo-
gous recombination using conventional positive–negative
gene-targeting constructs (13). We further compared
q-PCR (11) to a previously described FISH protocol
(12) for the screening of BAC-based constructs that
cannot be screened by Southern analyses. We demonstrate
here that screening by q-PCR is a sensitive tool for screen-
ing for homologous recombinants generated either from
conventional gene-targeting constructs or from whole
BAC-based constructs designed to disrupt either one or
two genes simultaneously. Importantly, we ﬁnd that
although BAC-based constructs can appear to have high
rates of homologous recombination when evaluated by
FISH, q-PCR analyses revealed that many of these homo-
logous recombinants were actually false positives. Our
results raise important concerns both for the screening
and use of whole BAC-based constructs for homologous
recombination.
MATERIALS AND METHODS
Constructionof the conventionalpositive–negative selection
Tec targeting vector
A PstI fragment of 4.6 (50 arm) and a Psi–HindIII frag-
ment of 4.9kb (30 arm) ﬂanking the targeted exons 5 and 6
in Tec were subcloned in the vector pPNT-double loxP,
a derivative of pPNT (14) in which a PGK-driven neomy-
cin-resistance gene, neo, is ﬂanked by loxP sites (15,16)
(gift of A. Wynshaw-Boris, University of California, San
Francisco, CA, USA and S. Hirotsune, Osake City
University School of Medicine, Osake, Japan) to generate
a 1276bp deletion. For the Rlk gene-targeting construct,
a XbaI fragment of 3.1kb (50 arm) and an EcoRV–BglII
fragment of 5.6kb (30 arm) that ﬂank exon 10 were sub-
cloned into pPNT-double loxP to generate a 1147bp
deletion.
Constructionof the BAC-targeting vector forTec and Rlk
Both the Tec and Rlk genes present in the BAC RPCI-
23-6518 (isolated from RPCI-23 C57BL/6 library) were
modiﬁed sequentially by recombineering (17). Exons 5
a n d6i nTec and 10 in Rlk (18) were disrupted in the
identical location as conventional targeting constructs
and replaced with neo and blasticidin resistance (blasti-
cidin S deaminase, bsd) genes, respectively, both driven
by the PGK promoter. DNA fragments of 500bp sur-
rounding the targeted sequences were subcloned in the
plasmids PL452 (17) for Tec and PL514 for Rlk (PL514
is a variant of PL452 in which the neo gene was replaced
with the bsd gene by recombineering; Liu,P., unpublished
data) to make the cassettes for recombineering. BACs
were puriﬁed on CsCl gradients and linearized with NotI.
Construction of theTLT-1 targeting vectors
The conventional and whole BAC TLT-1 targeting vectors
were generated by recombineering as described (A.V.W.,
J.G.R., P.L.S and D.W.M., submitted for publication).
Electroporation and selection of embryonic stemcells
The modiﬁed-BAC and the conventional targeting con-
structs were linearized with NotI, cleaned with phenol
and choloroform, ethanol precipitated and resuspended
at 1mg/ml in 5mM Tris. Linearized DNA preps were ana-
lyzed by agarose gel electrophoresis and, for BAC con-
structs, pulse-ﬁeld gel electrophoresis (Chef-DR III,
BioRad, Hercules, CA, USA). DNA was electroporated
into 2 10
7 HGTC-8 C57Bl/6 ES cells (19) in 1ml of
phosphate-buﬀered saline (without Ca
2+ and Mg
2+)
using a BioRad Genepulser at 600V and 25mF (using
10–25mg DNA for conventional constructs and 50mg for
BAC constructs) in a 0.4cm gap cuvette. ES cells electro-
porated with the modiﬁed-Tec/Rlk BAC were seeded at
3.3 10
6 cells/plate on neo, bsd-resistant feeder cells (20)
in 10 plates. One day later, cells were fed with media con-
taining G418 (140mg/ml, Invitrogen, Carlsbad, CA, USA)
and blasticidin (5mg/ml, Invitrogen). Antibiotic concen-
trations were determined by titration on the HGTC-8
C57Bl/6 ES cell line. A portion of the transfected ES
cells (3.3 10
6 cells) were also selected in only one of the
two antibiotics (one plate equivalent per antibiotic).
Media with antibiotics were changed daily until clones
were ready to be picked (after  1 week in selection).
The HGTC-8 C57Bl/6 ES line was maintained as prev-
iously described (19).
Southern blot screening ofES clones
ES cellswere expanded without feeders andlysed overnight
at378Cin10mMTris–HCl pH8,100mMEDTA,100mM
NaCl, 0.5% SDS with 250mg/ml proteinase K, and then
treated with RNase (400mg/ml) for 1h at 378C. Genomic
DNA from ES clones was puriﬁed by phenol/chloroform/
isoamyl alcohol using Phase Lock Gel Heavy tubes
(Eppendorf, Hamburg, Germany), precipitated with etha-
nol at room temperature and resuspended in 5mM Tris pH
8.0. Southern blotting was performed according to stan-
dard protocols (21).
PCR screening ofES clones
ES clones electroporated with BAC DNA were initially
screened for the presence of both neo and bsd resistance
markers by conventional PCR. The primers were designed
to detect the targeted loci and the resistance marker.
Primers for Tec–neo: SCTecF: 50 TCA TGA CTC TCA
CGG TAA GGG 30 and neo:5 0 GTG CAA TCC ATC
TTG TTC AAT GG 30; and for Rlk–bsd: SCRlkR: 50
GCA GTG GAA TGA GAA CAG TAG G 30 and bsdF
50 ATG GCC TTT GTC TCA AGA AGA ATC C 30.
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ase High Fidelity (Invitrogen) under the following condi-
tions: 958C for 3min, followed by 35 cycles of 948C for
45s, 608C for 45s and 688C for 2min.
FISH
Metaphase preparation from ES cell lines were prepared
by standard air-drying technique and FISH was
performed with BAC DNA labeled by Nick Translation
technique with Spectrum Orange as described (22). The
full-length BACs used to generate the gene-targeting con-
structs (i.e. RPCI-23-6518 for the Tec/Rlk constructs)
were used as probes. A minimum of 10 cells were analysed
per clone. In all cases, two pairs of hybridization signals
were observed on chromosome 5 for the Tec/Rlk con-
struct. In cases where a third pair was observed, the
third pair of signals was always observed on the same
chromosome within a given clone (but on diﬀerent chro-
mosomes in the diﬀerent clones). No evidence of aneu-
ploidy was observed in these clones.
q-PCR for screening of targetedES clones
Real-time q-PCR was used to screen targeted ES cells, by
discriminating the diﬀerence between control WT ES (con-
taining two copies of the targeted exon) and correctly tar-
geted heterozygous ES clones (having one copy or the
targeted exon). The q-PCR was performed using ABI
7500 (Applied Biosystems, Foster City, CA, USA) and
Platinum SYBR Green q-PCR SuperMix (Invitrogen).
DNA concentration of the ES clones was measured by
UV spectrophotometer and adjusted to 2.5ng/ml. The reac-
tion was set up using 12.5ng of DNA per reaction. To
normalize DNA concentration between ES clones and con-
trol (WT ES or ES cells resistant to either G418 or blasti-
cidin), primers for known diploid genes such as Itk were
used as endogenous controls (all amplicons range between
250and400bp).For accurateresults,thresholdcycles (CT)
for the endogenous control gene for all the ES clones had
CT values  0.5. Primers for Itk locus: IF (50
GCCGTAAATGAACAGGTGGTGA 30) and IR (50
TGCTCCAGACTGTGAGAGTCG 30. To determine cor-
rect integration of the targeting constructs, primers were
designed corresponding to the deleted sequence in Tec:T F
50 TTGTTCTAGGTTGTTCATGATGC 30 and TR 50
GCAAGAGCTATGTTAGCAATGC 30; Rlk:R F5 0
GTCTGAAGAAGACTTCATTGAGG 30 and RR 50
ACTCACACAGCGATCCAATGTC 30;o rTLT-1:
TLTF 50 ATC ACA GAT GCC ATA GCT ACC 30 and
TLTR 50 AAC TGG CAC CAC ACC TTG AG 30. The
number of insertions of the targeting construct was evalu-
ated by using primers for either neo:N F( 5 0 AGC
ACGTACTCGGATGGAAGC 30) and NR (50 CAGAA
GAACTCGTCAAGAAGGC 30)o rbsd genes BF 50 ATG
CCTTTGTCTCAAGAAGAATCC and BR 50 TTAGC
CCTCCCACACATAACC 30. All primer sets had eﬃcien-
cies of ampliﬁcation between 83% and 105% relative
to Itk, which are considered acceptable for comparative
purposes (Applied Biosystems’ Guide to Relative
Quantiﬁcation of Gene Expression, Manual 2) (ampliﬁca-
tion eﬃciencies: 95.7% for the Tec primers, 89.6% for the
Rlk primers, 103.6% for the neo primers and 96.1% for the
bsd primers). As reference for the number of copies inte-
grated, we used control ES cell lines that contain one copy
of either neo or bsd markers determined by Southern blot.
PCR reactions were performed in duplicate in 25ml
using 96-well plates (MicroAmp Fast optical Applied
Biosystems), containing primers for the endogenous con-
trol (Itk) and for either of the deleted exons or resistance
markers. Data were only deemed acceptable if SDs were
<0.1. The following conditions were used: 508C for 2min,
958C for 2min, followed by 40 cycles of 948C for 15s,
608C for 1min. The CT and relative quantiﬁcation (RQ)
were calculated by using the ABI 7500 SDS 1.3.1 software
[2
 CT method (23)]. For analysis, the PCR reactions
were calibrated to WT ES cells (for deleted exons) setting
two copies (WT) as the calibrator, having an RQ value
of 1. For quantiﬁcation of the selectable markers, values
were compared to those of G418 or blasticidin-resistant
ES cells containing one copy of the resistant marker
(the RQ value of which was also set to 1).
RESULTS
Validation ofq-PCR asascreen forgene targeting
To evaluate q-PCR for screening for homologous recom-
binants, we utilized a SYBR-green-based variation on a
technique involving three primer sets (11). The ﬁrst primer
set was designed to amplify a region that would be deleted
by a correct gene-targeting event. Following correctly tar-
geted homologous recombination, the template would
only be present as a single copy in the genome.
However, in the case of non-targeted clones, two copies
of the template should be present from the two endogen-
ous WT alleles. A second set of primers was designed to
detect the selectable marker used in the targeting construct
and was used to evaluate copy number of the inserts, by
comparing to DNA from a clone containing one copy of
the same selectable marker. Finally, a third set (or multi-
ple sets) of control primers that amplify diﬀerent reference
autosomal loci was used to normalize DNA concentra-
tion. Correctly targeted clones that delete a portion of
an autosomal gene would therefore show only one copy
of the endogenous sequence and one copy of the selectable
marker. Non-homologously integrated clones where the
construct is randomly inserted would show two copies of
the targeted region and one or more copies of the select-
able marker. The rare case of a correctly targeted clone
that also contained multiple inserts would show only one
copy of the endogenous sequence, but multiple copies of
the selectable marker. Clones where there was an aberrant
duplication of the region to be deleted (24,25) would also
not be scored as positive.
To evaluate the ability of q-PCR to detect homologous
recombinants, we examined DNA from ES cells that had
been transfected with a gene-targeting construct designed
to delete 1.2kb including exons 5 and 6 of the gene encod-
ing the Tec tyrosine kinase, which were replaced with a
PGK-driven neo selectable marker (Figure 1A). DNA
from these ES clones had been previously screened by
Southern blotting with external and internal probes to
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whether there were multiple inserts of the targeting
vector (Figure 1B and C). For q-PCR, DNA samples
were ﬁrst quantitated and diluted so equivalent amounts
of DNA were used. The copy number of the targeted exon
was then evaluated by q-PCR using the CT method
(23) with a reference gene (Itk) as a control to normalize
the amount and quality of ES genomic DNA. All primer
sets had similar eﬃciencies of ampliﬁcation as tested on
control DNA and all samples had CT values within 0.5 for
the reference gene. Wild-type (WT) ES DNA (with two
endogenous copies of Tec) was used as a calibrator for the
copy number of the targeted sequence (setting the RQ to a
value of 1). The copy number of the selectable marker was
also evaluated by comparing RQ values to that from
DNA from a calibrator ES cell clone previously identiﬁed
as containing one copy of the gene encoding neomycin
resistance, neo, (the RQ of which was also arbitrarily set
to a value of 1). Thus, correctly targeted clones would
have RQ values close to 0.5 for the targeted sequence in
Tec and 1 for neo (Figure 1D).
In all cases, q-PCR accurately detected the homologous
recombinants originally found by Southern blotting, cor-
rectly identifying all 15/108 homologously targeted clones
Figure 1. Screening by Southern blot and q-PCR of ES clones targeted with a conventional construct. (A) Schematic showing Tec targeting vector
designed to delete 1.2kb including exons 5 and 6. The primers used for q-PCR are indicated in dark inverse arrows. The 30 Tec probe for Southern
blotting is indicated as the red bar (in intron 8). S: SspI sites in the construct and the endogenous gene. Double arrows indicated the endogenous and
targeted SspI fragments detected in Southern analyses. (B, C) Southern blot analysis of ES DNA digested with SspI and hybridized with (B) the 30
probe (located in intron 8 of the Tec gene). The migration of the endogenous 6.3kb SspI band and the targeted 9.0kb fragment (asterisk) are
indicated. (C) The same membrane was stripped and re-hybridized with a neo probe. The targeted 9.0 fragment (asterisk) is indicated. (D) q-PCR was
performed using ES DNA from clones previously examined by Southern blotting and primers for the deleted region of Tec, neo and a reference gene
Itk. As calibrators, DNA from WT ES cells (containing two copies of the deleted Tec region) and from an ES cell clone harboring one copy of neo
were used with RQ values set to 1. Results are compared to Southern analyses. Targeted clones have RQ values close to 0.5 for Tec and 1 for neo.
Clones containing a disruption of Tec are indicated in red.
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of the selectable marker occurred (Figure 1D, see clones 1,
6, 9 and 16). Similar results were obtained with a second
targeting construct disrupting a diﬀerent gene, Rlk/Txk,
where all three homologous recombinants were correctly
identiﬁed out of 153 screened (Supplementary Figure S1
and data not shown). In contrast, a conventional PCR
strategy designed to cross the region of homology in the
Tec targeting construct (generating a 5kb product for one
arm and 6kb for the other) only detected 50% of correctly
targeted events in an initial screen, perhaps due to the long
arm length. Thus, q-PCR showed a high degree of sensi-
tivity and speciﬁcity for the detection of homologous
recombinants.
Evaluation of q-PCR for thedetection of homologous
recombination of BAC-basedconstructs
Having conﬁrmed that q-PCR was able to correctly iden-
tify homologous recombination at the Tec and Rlk genes,
we then used q-PCR for detection of homologous recom-
bination using full-length BAC vectors. Although both
q-PCR (11) and FISH (12) have been reported to screen
successfully for homologous recombinants generated from
whole BAC-based constructs, these two techniques have
not been systematically evaluated for sensitivity and
speciﬁcity.
To evaluate screening of full-length BAC-based target-
ing constructs, we compared FISH versus q-PCR for
screening of recombinants generated from a BAC-based
construct designed to simultaneously introduce the muta-
tions described above into the linked Tec and Rlk genes,
which lie adjacent on mouse chromosome 5 (Figure 2).
Thus, we were able to use the same q-PCR design that
we had previously validated. While the ﬁrst exon of the
Rlk gene lies only 3kb downstream from the last exon of
Tec, the sites of our mutations lie 75kb apart (Figure 2A).
In our BAC-based construct, the Tec gene was disrupted
by recombineering (26–29) introducing a PGK-driven neo
selectable marker in the same location as the conventional
construct described above. The Rlk gene was disrupted on
the same BAC using a PGK-driven blasticidin resistance
gene (bsd) as the marker for recombineering. Both muta-
tions were in equivalent locations to those generated by
our conventional constructs and were located  50kb from
the ends of the BAC. The BAC construct was linearized
(Figure 2B) and transfected into ES cells, which were
selected in either G418 or blasticidin, or in both antibio-
tics. Selection in both antibiotics gave  10- to 20-fold
fewer clones than either single selection (Table 1 and
data not shown). Similarly, only 4–8% of clones selected
in either single antibiotic had integrated the other select-
able marker as detected by PCR.
To screen for homologous recombination using this
BAC-based targeting vector, we initially used the techni-
que of Seed and colleagues (12). In this technique, we ﬁrst
conﬁrmed integration of the selectable marker and loss of
the BAC vector ends using PCR, and then used FISH
(using the entire BAC as a probe) to determine whether
two or more (generally three) pairs of signals hybridizing
to the BAC were present (Figure 2C and D). Clones
showing two pairs of signals (both on chromosome 5)
were presumed to be targeted homologously with the inte-
grated BAC replacing one of the endogenous alleles
(Figure 2C). Clones showing more than two pairs of sig-
nals contained extra copies of the BAC that were not
targeted to the endogenous gene (Figure 2D). The
proper structures of the targeted alleles were also con-
ﬁrmed by Southern analyses. We ﬁrst noted that accord-
ing to our results with FISH, the use of BAC-based
vectors appeared to increase targeting frequency com-
pared to conventional targeting vectors (36% targeting
frequency versus 14% for our conventional Tec con-
struct). However, we also noted that in some clones the
third pair of spots detected by FISH had reduced intensity
compared to the two endogenous signals (Figure 2D), sug-
gesting that only a piece of the BAC had integrated into
the genome.
To further examine these targeting events, we examined
the Tec and Rlk loci by q-PCR, using the same strategy
outlined above (with primers for Tec, neo, Rlk, bsd and
a reference gene Itk). A representative example of two
similar electroporations is shown (Tables 1 and 2,
Supplementary Tables S1 and S2). Re-examination of
the BAC-transfected clones revealed that in multiple
cases, clones that were scored as having two spots on
FISH did not show disruption of the endogenous locus
(Table 2, clones GB5 and 8). These results suggest there
may have been breakage of the BACs, leading to random
insertion of small pieces of DNA that included the select-
able marker but were below the detection level of FISH.
Moreover, some clones showed disruption of only one of
these genes despite two selectable markers having been
integrated (Table 2, clones GB2 and 7). For one clone,
GB7, although an extra insertion was identiﬁed by
FISH, q-PCR revealed that one of the genes (Tec) had
actually been homologously targeted, arguing that multi-
ple inserts of BAC DNA had occurred. Importantly, these
results suggest that q-PCR identiﬁed that there were both
false positives and false negatives in the original screening
by FISH.
To conﬁrm that these results were not speciﬁc to the Tec
and Rlk genes, we examined another independently gen-
erated set of constructs that disrupted a distinct locus
encoding TLT-1 on mouse chromosome 17 (A.V.W.,
J.G.R., P.L.S and D.W.M., submitted for publication).
Again, a conventional targeting construct disrupting the
TLT-1 gene with a PGK-driven neo resistance marker was
compared to an equivalent whole BAC-based construct.
Examination of the conventional targeting construct gave
17% targeting frequency, as conﬁrmed by Southern blot-
ting (data not shown). Initial screening of the BAC-based
construct by PCR and FISH using the TLT-1 BAC as a
probe suggested that 8 of 12 clones were correctly targeted
(positive for neo, negative for the BAC ends and having
two spots on FISH). Thus, the BAC-based construct again
appeared to have high rates of homologous recombina-
tion. However, we also noted again that some of the
clones had small third spots when screened by FISH;
one clone also had an altered structure as determined by
Southern analyses of the targeted region. Importantly,
reexamination of these G418-resistant clones by q-PCR
PAGE 5 OF 9 Nucleic Acids Research, 2008, Vol. 36,No. 18 e117revealed that only half of these clones (four of eight) had
actually disrupted the TLT-1 gene (Table 3). One of these
clones was used to generate chimeric mice that have trans-
mitted the mutation through the germline to generate mice
deﬁcient in TLT-1, conﬁrming that the mutation disrupted
the TLT-1 gene (A.V.W., J.G.R., P.L.S and D.W.M.,
submitted for publication). Thus, q-PCR revealed that
multiple clones initially thought to have undergone homo-
logous recombination as detected by FISH, were actually
false positives.
DISCUSSION
In this article, we compare q-PCR to other screening stra-
tegies for detection of gene targeting. Our data suggest
that q-PCR using a three primer set assay is a sensitive
and reproducible tool that can reduce the number of
potential conventional gene-targeted clones that need to
be screened by Southern analyses, thereby greatly facilitat-
ing screening of large numbers of clones. In our hands, we
ﬁnd this technique to be superior to PCR screening for a
number of reasons. First, it is not limited by false nega-
tives that can sometimes occur when trying to amplify
long pieces of DNA from genomic DNA preparations.
Thus, it does not require one arm of the construct to be
a relatively short length, which can potentially decrease
the frequency of homologous recombination (4). Second,
false positives, which can result from annealing of long
PCR products or low levels of plasmid contamination,
should also not be a problem with this technique. Third,
q-PCR can also detect multiple inserts based on the copy
number of the selectable marker. Finally, q-PCR should
eliminate the rare case of clones in which the deleted part
Figure 2. Screening ES clones targeted by a Tec/Rlk modiﬁed-BAC by FISH. (A) Schematic diagram of the BAC targeting construct in RP23 61-85.
Location of the Tec gene is indicated in red. Location of the Rlk gene is indicated in blue. The locations of the respective mutations introduced in Tec and
Rlk are indicated by the inserted neo and bsd genes, respectively. (B) Pulse ﬁeld gel electrophoresis of (1) the BAC targeting construct (175kb) digested
with NotI is indicated with an arrow; (2) empty lane and (M) Lambda Ladder PFG Marker (New England BioLabs, Ipswich, MA, USA). (C, D)
Representative FISH images using the BAC RPCI-23-6518 probe containing Tec and Rlk genes (red on chromosome 5). Two pairs of spots in chromo-
some 5 (white arrows) suggest homologous integration (C) whereas a third set of spots (yellow arrow) in another chromosome indicates non-homologous
integration (D).
Table 1. Summary of screening of ES clones electroporated with the Tec/Rlk-modiﬁed BAC
Antibiotic selection Number of clones Positives by PCR Positives by FISH (%) Positives by real-time PCR (%)
neo (Tec) bsd (Rlk) 2 spots 3 spots Tec ( ) Rlk ( )
G418 25/1 plate 25 2 – – 5 (20) 0
Blasticidin 23/1 plate 1 23 – – 0 3 (13)
G418+blasticidin 11/10 plates 11 10 4 (36) 7 3 (27) 1 (9)
ES cells were electroporated with BAC RPCI-23 65-18 modiﬁed by recombineering and selected in G418 (one plate), blasticidin (one plate) or G418
and blasticidin (10 plates). Clones were screened by FISH, PCR for the presence of the neo and bsd markers and q-PCR (examining the copy number
of the targeted Tec and Rlk exons, as well as the neo and bsd resistance markers). DNA from WT ES cells (containing two copies of the deleted Tec
and Rlk region) was used as a calibrator and from ES cells that were either targeted in the same position in Tec and Rlk locus by conventional
constructs used as both calibrators and positive controls. Only three clones had disrupted Tec and one clone (indicated in red) had disrupted both
genes, although four clones appeared to be positive when screened by FISH.
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ally (24,25) and can be missed on some Southern analyses
screens. In such cases, q-PCR would not indicate a loss of
copy number of the region to be deleted. Although q-PCR
cannot replace the use of Southern analyses, which can
detect additional altered recombination structures that
can occur during gene targeting, we ﬁnd that q-PCR pro-
vides a rapid screening alternative with superior results to
conventional PCR prior to conﬁrmation with Southern
analyses. A recent report has reached similar conclusions
using a related TaqMan-based q-PCR technique to detect
insertions based on disruption of products annealing to
the TaqMan probe (30). Together our ﬁndings support
the utility of using q-PCR to detect distinct types of
gene-targeting events.
We further ﬁnd that q-PCR is superior to FISH for the
detection of whole BAC-based constructs that cannot be
screened by Southern analyses. A previous study sug-
gested that FISH can be a useful tool for screening for
homologous recombination using full-length BAC con-
structs (12). However, in our hands, we have found that
screening of BAC-based constructs by FISH can be prone
to false positives. Indeed, although we initially thought we
obtained clearly higher rates of homologous recombina-
tion using full-length BAC constructs when we screened
by FISH alone (2.5- to 5-fold higher than our equivalent
conventional constructs), re-evaluation with q-PCR
demonstrated that the rates of gene targeting were similar
to those obtained with conventional constructs (the same
to 2-fold higher).
Presumably, false positives (indicated by two pairs of
spots on FISH) can occur when small pieces of DNA are
integrated that are below the limits of detection by ﬂuor-
escent hybridization ( 10kb in our hands). Our observa-
tions that in multiple cases the third spot detected by FISH
was reduced in intensity compared to the endogenous loci,
supports the notion that only a portion of the BAC had
integrated.We observed this complication both while using
a BAC construct designed to disrupt only one gene, as well
as whenwe attempted to disrupt two adjacent genes using a
single BAC-targeting construct. Indeed, when we initially
attempted to disrupt both Tec and Rlk using a BAC con-
struct in which the Rlk gene only contained a deletion but
no selectable marker, we failed to obtain any double-
targeted clones (from 86 clones screened, unpublished
observations). We also note that we detected some altered
structures by Southern analyses in clones from two of our
BAC constructs, also suggesting that breakage of the con-
struct occurred. These results are consistent with deletions
that have been observed in BAC-based transgenesis using
recombination-mediated cassette exchange (31) and can
also be seen in gene conversion.
While breakage of the BAC may have occurred during
preparation of the DNA, we observed these ﬁndings using
three diﬀerent constructs prepared in two diﬀerent labora-
tories and pulse-ﬁeld analyses did not reveal gross break-
age of the linearized BACs prior to electroporation
(Figure 2B). Alternatively, these observations may result
from breakage of the BACs secondary to electroporation.
[We note that we performed electroporation under our
standard conditions, which diﬀer from those of Seed and
Stewart and their colleagues (10,12). We also note that
stability of BAC DNA can be improved with buﬀers con-
taining spermine and spermidine, which we did not try in
these studies (32)]. Nonetheless, our results argue that
q-PCR is a superior technique for detection of recombina-
tion of BAC-based vectors in part, because it is not subject
to false positives that can result when small pieces of BAC
constructs integrate. Conversely, the fact that in one clone
q-PCR revealed that one of the genes (Tec) had actually
been homologously targeted despite an extra insertion
identiﬁed by FISH, argues that q-PCR can also reveal
false-negative results from FISH. Our ﬁndings also raise
the concern that it may be diﬃcult to monitor breakage
Table 2. Comparison of results for individual ES clones electroporated
with the Tec/Rlk-modiﬁed BAC
ES selected with G418/blasticidin RQ Tec RQ Rlk FISH screening
WT 1.0 1.0
Positive Tec
+/  0.6 1.1
Positive Rlk
+/  1.2 0.5
GB 1 0.3 0.4 2 spots
GB 2 0.6 1.0 2 spots
GB 3 1.2 1.0 3 spots
GB 4 1.2 1.0 3 spots
GB 5 1.3 1.0 2 spots
GB 6 1.3 1.1 3 spots
GB 7 0.6 0.9 3 spots
GB 8 1.1 1.1 2 spots
GB 9 1.3 1.0 3 spots
GB 10 1.2 1.1 3 spots
GB 11 1.2 1.1 3 spots
Summary of results for individual ES cells selected with both G418 and
blasticidin and screened by q-PCR for deletion of Tec- and Rlk-tar-
geted exons. Results are compared to those obtained by FISH using the
BAC probe. Clones that are positive by q-PCR are in bold. Clones in
red contained a gene-disruption of Tec. Clones indicated in blue con-
tained a gene-disruption for Rlk. Results of FISH screening that are
false positives are italicized.
Table 3. Screening of ES clones electroporated with the TLT-1-modi-
ﬁed BAC
Clones RQ TLT-1 FISH
WT 1.01
1 0.92 3 spots
2 0.91 3 spots
3 1.11 2 spots
4 1.01 3 spots
5 0.52 2 spots
6 0.49 2 spots
7 0.55 2 spots
8 1.02 2 spots
9 0.93 2 spots
10 0.53 2 spots
11 0.85 2 spots
12 1.23 3 spots
ES cells were electroporated with BAC TLT-1 modiﬁed by recombi-
neering. ES cells selected with G418 were screened by q-PCR for dele-
tion of TLT-1 exon and by FISH using the labeled TLT-1 BAC as a
probe. Clones that are positive by q-PCR are in bold. Results of FISH
screening that are false positives are italicized.
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whole BAC-based constructs for gene targeting. For that
reason, it may be optimal to screen initially with q-PCR
and use FISH as a complementary technique for examin-
ing clones derived from BAC-based targeting vectors.
Our results are also of interest for the generation of
multiple mutations using a single whole BAC-based con-
struct, which can be desirable when trying to minimize
handling of ES cells prior to injection into blastocysts,
and for the introductions of two mutations on the same
sister chromatid. Stewart and colleagues (10) have prev-
iously reported the use of whole BAC-based constructs
for the generation of gene-targeted alleles at two adjacent
loci using modiﬁed BACs. In their work, the genes were
disrupted close to the ends of the BAC (within 5kb) so that
recombination could be detected by Southern hybridiza-
tion. However, this group also observed that one of the
four clones expressing both selectable markers only dis-
rupted one gene. While this was seen at a lower frequency
than in our experiments, it is possible that our constructs,
which did not limit the length of one arm for detection by
Southern analyses, may have required breakage to obtain
eﬃcient integration of the selectable marker. Nonetheless,
these ﬁndings also support the idea that BAC-based con-
structs may still only recombine over short distances.
Given our observations, it is not clear that disruption of
both genes occurred via integration of one piece of DNA
via a single double cross-over event. Our results therefore
raise the possibility that double knockouts might be
equivalently generated from simultaneous transfection of
two conventional targeting constructs.
Together, these data suggest that q-PCR is a useful tool
for the detection of both conventional and BAC-based
gene-targeting constructs. Our data suggest that q-PCR
can greatly reduce the numbers of clones from conven-
tional constructs requiring further screening by Southern
analyses. Moreover, our data strongly argue that q-PCR
provides a more accurate assessment of gene targeting
using full BAC constructs than using FISH alone, but
also raise concerns about the use of whole BAC-based
constructs where it may be diﬃcult to monitor partial
integration products.
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